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Recent reports indicate that atmospheric cold plasma (ACP) treatment of seeds can
enhance their germination, however, the mechanisms of action are not yet entirely
clear. In the present work, we report on the effects of plasma treatment on wheat seed
germination and seedling growth. Additionally, changes in the surface chemistry and
characteristics of the wheat seeds exposed to plasma were investigated. Treatments of
30–60 s significantly enhanced the germination rate and showed positive effects on
seedling growth. ACP resulted in changes of seed
surface and chemical characteristics including
water uptake and contact angle values. Changes in
seed pH and total titratable acidity, as well as
nitrites, nitrates, and malondialdehyde concen-
trations were also recorded.
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1 | INTRODUCTION
The first cultivation of wheat (Triticum spp.) occurred about
10 000 years ago, as a part of the Neolithic Revolution,
which saw a transition from a hunter-gatherer lifestyle to
dependence on agricultural production. Since then wheat
has been the basic staple food of the major civilizations
globally.
[1]
With over 700 million tonnes harvested
annually, wheat is one of the most important crops in the
world, used both for human food and livestock feed.
[2]
The
nutritional value of wheat is due to its high content of
proteins and carbohydrates, as well as considerable
proportions of vitamins (thiamine and vitamin-B) and
minerals (zinc, iron). Wheat is also a good source of trace
minerals like selenium and magnesium.
[3,4]
A gradual but consistent increase in global wheat
consumption is largely driven by population growth and
rising household income in developing and emerging
economies.
[5]
It is predicted that if the demand growth rate
remains constant, the global wheat consumption will surpass
880 million metric tonnes by 2050.
[6]
Therefore, it is
necessary to improve crop production techniques and enhance
the germination of wheat seed. Several techniques have been
evaluated for the potential germination improvement of






exposure to titanium dioxide nanoparticles –
nano-TiO2,
[12]
and cold plasma technology.
[13–16]
Recent evidence indicates that cold plasma treatment of
seeds can enhance their germination as well as seedling
growth. The effectiveness of the treatment was shown to be
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dependent of the type of seed, their condition, as well as
environmental factors, including climate, soil conditions, and
water availability.
[17]
Seed germination improvement by cold
plasma technology is not only beneficial for agriculture
applications, but also in food processing sector with the
malting, brewing, weaning foods, and specialty flours
industries relying on germination as a major operation.
Technologies which can enhance germination could signifi-
cantly reduce energy usage, thereby contributing toward
sustainability in food.
[18]
Although several effects of cold plasma on the
physiological and biochemical properties of seeds have
been reported,
[19,20]
the mechanisms resulting in enhance-
ment of seed germination and promoting the growth of the
plants, are not entirely clear. The overall result can be a
combination of various factors such as changes in seed




removal of microbial contamina-
tion,
[17]
and changes in hormonal activities associated with
plant signaling and development.
[23]
Cold plasma process-
ing possess many advantages in agriculture – it operates at
low temperatures and short processing times, without
inducing damage to crops, foods, seeds, humans, and the
environment.
[18]
However, as several studies have reported
chemical changes to food components following plasma
treatment, it is necessary to understand the biochemical
interactions with food systems to determine and control the
optimum plasma process designs for agriculture and
food.
[24,25]
The aim of this work was to provide insights into the
enhancement of seeds germination and seedling growth of
wheat by cold plasma technology. The objectives of the
study were: (1) to investigate the influence of ACP
treatment parameters on seed germination and seedling
growth; (2) to assess changes of seed surface properties
following plasma treatment by measurements of water
uptake, moisture content, and water contact angle; (3) to
explore changes of seed surface chemistry by measurements
of seed pH and acidity, as well as the content of compounds
which could potentially be altered by ACP treatment
(hydrogen peroxide, nitrites, nitrates, and malondialde-
hyde); and (4) to investigate if ACP treatment induces
changes in seed surface morphology by performing SEM
analysis.
2 | EXPERIMENTAL SECTION
2.1 | Seed material
Organic wheat seeds (Triticum aestivum L., origin: Ireland)
were purchased from a local retailer. Only healthy seeds
without visible defects or signs of infection were selected for
the studies.
2.2 | Plasma system
Plasma treatment was performed using a high-voltage
dielectric barrier discharge atmospheric cold plasma system
with a maximum output of 120 kVRMS at 50 Hz which has
been described in detail.
[26,27]
2.3 | Plasma treatment
Petri dishes (92 × 16 mm) containing 2 g (i.e., ∼60 seeds) of
wheat seeds were placed inside the polypropylene container,
which was sealed with air-tight film. Samples were placed
either directly in the area of discharge between high voltage
and ground electrode (direct treatment) or within the sealed
reactor but outside of the area of discharge (indirect
treatment).
[28]
Seeds were exposed to 80 kVRMS plasma
treatment under atmospheric pressure using atmospheric air
as a working gas for either 30, 60, or 180 s and analyzed
immediately or stored for 24 h at 15 °C to monitor the effect of
extended contact time with the confined plasma-generated
reactive species. Untreated control seeds were stored under
identical conditions as ACP-treated seeds. Each ACP
treatment was performed at least three times.
2.4 | Seed germination and characteristics of
seedling growth
Plasma-treated and control wheat seeds were transferred into
plastic seed trays containing one layer of filter paper
moistened with 20 ml of sterile deionized water (Day 0).
The trays were covered with plastic wrap to keep the moisture
levels constant. Samples were incubated at room temperature
in the dark for 7 days at relative humidity of 55–65% and
temperature of 22–25 °C. In order to maintain sufficient
moisture for germination, 10 and 20 ml of deionized water
were added during the experiment on the first and third day of
the test, respectively. The germination percentage was
measured on the second, third, and seventh day using radicle
extrusion as a criterion where a seed is considered germinated
if the radicle length was ≥2 mm.
[29]
Germination experiments
were performed four times; number of seeds per experiment –
80 (n = 320). Each sample was cultivated in a separate plastic
seed tray. Additionally, on the seventh day the length of the
shoots and roots of 20 randomly selected germinated seeds
from each sample were measured (every fourth germinated
seed on the tray).
Estimated values were germination rate (G%), germina-
tion index (GI), and seed vigour index (SVI), calculated







G% ¼ n  100%ð Þ=N ð1Þ
GI ¼ ∑ n=d ð2Þ
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SVI ¼ GI  S ð3Þ
where n − number of seeds germinated on day d, N − total
number of seeds, d is the number of days from the beginning
of the test, and S is the shoot length.
2.5 | Contact angle measurements
To investigate aby-induced changes in the hydrophobicity of
the wheat seed surface after plasma treatment, the apparent
contact angles of deionized water (Sigma–Aldrich, Ireland)
were measured as changes in the contact angle using the
sessile drop technique (Theta Lite Optical Tensiometer,
Biolin Scientific, UK). Analysis was performed immediately
after deposition of a single droplet on the seed surface;
average volume of a water droplet was 8.56 ± 1.62 μl. The
images were recorded at 15 frames per second for 10 s and
analyzed using the OneAttension software (v 2.1).
[32]
All the
values reported are the mean of more than 100 data points
done in triplicate (three randomly selected seeds).
2.6 | Moisture content
Moisture content of wheat seeds was determined by the oven
drying method based on the loss of weight when drying under
controlled conditions in an oven.
[33]
Seeds were dried at
105 °C for 24 h. To calculate seed moisture content, the
following formula was used:
MC ¼ ðwi  wfÞ  100%=wi;
where MC is moisture content of seeds (% wet basis), wi is
initial mass of the sample (before drying), and wf is final mass
of the sample (after drying).
2.7 | Seed pH and acidity
2 g of seeds were homogenized using a Nutribullet blender
(model NB-101B) to obtain a fine and homogeneous flour that
subsequently was mixed with 50 ml of deionized water
(average pH − 5.78 ± 0.03). The pH was determined by
potentiometric measurement of the suspensions at 25 °C
using an Orion pH meter (model 420A). Total titratable
acidity (TTA) was determined potentiometrically by titrating
the suspensions with 0.1 M sodium hydroxide (NaOH;
Sigma–Aldrich) to a final value of pH 8.1 and was expressed
as the amount of NaOH (ml) used.
2.8 | Water uptake
The effects of plasma on water uptake was measured
according to the procedure described by Zahoranova
et al.
[16]
with minor modifications. Briefly, 2 g (∼60 seeds)
of untreated and ACP-treated seeds were weighed on an
electronic balance to the nearest 0.1 mg, hydrated with 20 ml
of deionized water, and incubated at 25 °C. After 2 and 8 h of
the imbibition process, the seeds were blotted dry and
weighed to the nearest 0.1 mg. Water uptake (WU) was
determined as an increase in seed weight and was expressed in
mg/seed according to the following equation:
WU ¼ FW  DWð Þ=60;
where FW is fresh weight [mg] and DW is dry weight [mg] of
the seeds.
2.9 | Measurement of hydrogen peroxide
(H2O2), nitrite (NO2−), nitrate (NO3−), and
malondialdehyde (MDA) concentrations





), and MDA in untreated and ACP-
treated seeds were compared. 2 g of seeds were homoge-
nized to a fine and homogeneous flour. The sample of flour
(0.5 g) was mixed with 5 ml of either 20% (w/v)
trichloroacetic acid (TCA; Sigma–Aldrich) (analysis of





). The samples were centrifuged at 3500×g for
20 min and aliquot of the supernatant was used for the
further analyses.
Hydrogen peroxide (H2O2) concentration measurement
was based on the oxidation of potassium iodide (KI; Sigma–
Aldrich) to iodine and spectrophotometric measurement at
390 nm.
[34]
Briefly, 50 μl of phosphate buffer and 100 μl of
1 M KI solution were added to 50 μl of sample. After 30 min
incubation, absorbance was read on a spectrophotometric
plate reader at 390 nm.
The concentration of nitrite (NO2
−
) was determined using
Griess reagent (Sigma–Aldrich).
[35]
100 μl Griess reagent
was added to 100 μl of sample. After 30 min incubation,




The concentration of nitrate (NO3
−
) was determined
photometrically by 2,6-dimethyl phenol (DMP) using the
Spectroquant nitrate assay kit (Merck, Germany). Sam-
ples were pre-treated with sulfamic acid to eliminate
nitrite interference. Results were expressed as μmol g
−1
seed.











concentrations was included on each plate and used to
convert absorbance into the concentration values.
To determine MDA concentrations, the thiobarbituric
acid (TBA) test was used.
[36]
0.5 ml of the sample was
2 of 12 | LOS ET AL.4 of 12
mixed with 0.5 ml of 20% TCA containing 0.5% (w/v) TBA
(Sigma–Aldrich) and 25 μl 4% (w/v) butylated hydroxyto-
luene (BHT; Sigma–Aldrich) in ethanol. The mixture was
heated at 95 °C for 30 min and then cooled on ice. The
samples were centrifuged at 10 000×g for 15 min and the
absorbance was measured at 532 nm. The value for non-
specific absorption at 600 nm was subtracted. The concen-
tration of MDA was calculated using an extinction








2.10 | Scanning electron microscopy (SEM)
The effect of ACP treatment on wheat seed was analyzed by
SEM. Samples were prepared according to the procedure
described by Ziuzina et al.
[37]
and examined visually using a
FEI Quanta three-dimensional FEG Dual Beam SEM (FEI
Ltd., Hillsboro, USA) at 5 kV.
2.11 | Statistical analysis
Statistical analysis was performed using SPSS statistics 21
Software (SPSS Inc., Chicago, USA). The values of
germination parameters and seeds characteristics following
ACP treatment were subjected to analysis of variance
(ANOVA). Means of ACP-treated and untreated controls
were compared according to the method of Fisher's Least
Significant Difference-LSD at the 0.05 level.
3 | RESULTS AND DISCUSSION
3.1 | Effect of ACP treatment on germination
of wheat seeds
In the present study, a stimulative effect of short duration of
plasma treatment on germination parameters of wheat seed
was noted. Similar trends were observed for plasma
treatments employing either 0 or 24 h post-treatment retention
times of the generated species within the reactor, however, the
germination rate values were higher for seeds stored in the
reactive environment for 24 h compared to the seeds planted
without such a species exposure (Table 1). Regardless to post-
treatment retention time (0 or 24 h), the longest treatment time
used in the study, i.e., 180 s, had a negative effect on
germination and significantly decreased germination rate
measured on Day 2 (both direct and indirect modes of
exposure) and Day 3 (direct exposure). No differences
between germination rates of samples treated for 180 s and
untreated seeds were noted after 7 days. For samples without a
post-treatment retention time, the germination rate of seeds
treated for 30 s with direct mode of exposure at the end of the
test (day 7) was significantly higher (7.5%) compared to
samples not subjected to plasma, while significant increases
of 8.9 and 9.4% were noted for 30 and 60 s of indirect
treatment, respectively. Similarly, ACP treatment combined
with 24 h of retention resulted in a significantly improved
germination, with the measured differences observed on
Day 3 retaining significantly higher values than the control
TABLE 1 Effect of ACP treatment on germination rate of wheat seeds
Germination rate [%]
Post-treatment retention time Mode of exposure Treatment time [s] Day 2 Day 3 Day 7




















































































Different letters indicate significant difference between the control and ACP-treated samples within each post-treatment retention time (p < 0.05). Experiments were
performed four times (number of seeds per experiment − 80).
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samples over the test period. On Day 7, short duration direct
ACP treatment (30 s) increased the germination rate by
11.2%. Indirect treatments of 30 and 60 s enhanced
germination by 13.4 and 14.7%, respectively. Overall,
regardless to retention time, the highest values of germination
rate on Day 7 were obtained for the seeds subjected to indirect
ACP treatment for 60 s, which corresponded to 73.8 and
81.3% for 0 and 24 h retention time, respectively, as compared
to germination rate of untreated seeds.
Similar trends were noted for the samples with a 0 h
retention time regarding germination and SVI (Table 2),
where 60 and 180 s of direct ACP treatment affected the
parameters negatively, whereas both direct and indirect short
duration (30 s) treatments significantly improved the quality
of the seeds by increasing their GI and SVI. For the samples
subjected to plasma treatment followed by 24 h of retention
time (Table 2) a negative effect from 180 s treatment (both
direct and indirect) on the GI value was observed, while 30 s
of direct ACP significantly improved the parameter by 12.3%.
Insignificant increases in GI were observed for 30 and 60 s
indirect exposure – with 9.9 and 9.8%, respectively.
Regardless of mode of exposure, 30 and 60 s ACP resulted
in a significant increase of SVI.
No differences between the control and treated samples
were observed for shoot length of the wheat seeds without a
post-treatment retention time except the sample treated
directly for 30 s (Figure 1). In contrast, shoots of all ACP-
treated samples stored for 24 h were significantly longer than
those of untreated seeds except for samples treated directly for
180 s. Again, the highest increase, i.e., 25%, was observed for
seeds treated indirectly for 60 s. Regardless of retention time,
there was a significant increase in root length for all treated
seeds in comparison with the control samples. It is evident
that research on the gene expression and plant hormonal
levels of wheat is required to elucidate the plasma interactions
with a live plant system in order to explain the specific
responses observed in this work, namely root elongation
associated with shoot length decrease. Tailoring the plasma
reactive species specificity may be a useful approach in order
to understand the plant system biological responses to this
technology and how to control it.
Several authors have investigated the effect of plasma on
the germination of wheat, however, the results are not
consistent. A number of studies reported significant improve-
ments of wheat germination rates as a result of short plasma
treatment,
[14,38,39]





noted that plasma had
minimal effects on seeds germination rate, however, the
treatment impacted the plant's roots and sprouts, which were
longer and heavier than those of the untreated controls.
Similarly, Šerá et al.
[41]
observed that the rate of germination
of ACP-treated and untreated wheat did not differ on the 8th
and 12th days after planting, however, it was significantly
higher for seeds subjected to plasma for 300 s at the beginning
of the experiment (4th day). Zahoranová et al.
[16]
reported that
the germination rate, dry weight, and vigour of the seedlings
significantly increased for plasma treatment from 20 to 50 s
with the highest positive responses for 30 s of treatment time


































































































Different letters indicate significant difference between the control and ACP-treated samples within each post-treatment retention time (p < 0.05). Experiments were
performed four times (number of seeds per experiment − 80).
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(21% higher germination rate), however, longer plasma
treatments (70 and 80 s) significantly inhibited all measured
growth parameters in comparison to the control samples.
Similarly, this work demonstrated that wheat germination and
plant growth parameters can be induced with short plasma
treatments (30–60 s). In contrast longer treatment inhibited
plant formation and growth. However, other plasma
processing parameters, such as mode of exposure and contact
time between the plasma reactive species and seeds can also
play an important role in modulating plant responses. For
instance, 60 s of treatment in combination with indirect mode
and extended retention time of 24 h positively influenced
wheat growth parameters of germination rate, germination,
and seed vigour indices. This can be attributed to the
enhanced physico-chemical interactions between the seeds
and the longer-lived plasma reactive species prevalent with
extended contained storage time. In general, higher plasma
doses (achieved with higher voltage, longer treatment time,
direct mode of exposure, and extended post-treatment contact
time) can be useful when microbial decontamination of seeds
is required. Our earlier work clearly demonstrated high
potential of ACP for the control of native microflora,
pathogenic bacterial, and fungal challenge microorgan-
isms.
[28]
Therefore, taking into account results from previous
work and the results of the current research, it can be
concluded that short ACP treatment times can be adapted for
seed germination enhancement, whereas longer treatments
are needed for efficient microbial decontamination.
3.2 | Changes in the surface chemistry and
characteristics of the wheat seeds after ACP
treatment
3.2.1 | Effect on seed hydrophobicity, moisture
content, and water uptake
The changes in wetting properties of seeds surfaces due to
plasma treatment were observed by several authors.
Bormashenko et al.
[21]
observed that the hydrophilic
properties of seed increased considerably after 15 s of plasma
treatment and noted a dramatic decrease in the apparent
contact angle 115°–0°. The effect on water absorption was
less pronounced with the change in wettability resulting in
small increases in imbibition (water uptake). In another study
FIGURE 1 (a and b) Shoots and roots length [mm] of wheat seedlings on the 7th day after sowing. ACP treatment (a) without and (b)
combined with 24 h post-treatment retention time. Different letters indicate significant difference between the control and ACP-treated samples
within each post-treatment retention time (p < 0.05)
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a decrease in wheat seed contact angle was also reported
(92 ± 0.73° to 53 ± 0.85°), accompanied by a 10–15% rise in
water absorption.
[13]
In our study, contact angle measure-
ments were employed as an indicator of the effect of ACP
treatment on the hydrophobicity of the wheat seed's surface
(Table 3 and Figure 2). The effect of the mode of plasma
exposure on the apparent contact angle values of deionized
water deposited on the seed was evident regardless of the
retention time. Direct plasma treatment dramatically de-
creased the apparent contact angles for all the treatment times
used in the study (30, 60, and 180 s), whereas indirect ACP
did not affect the surface hydrophobic properties – i.e., the
water contact angle remained larger than 90°.
[42]
Changes to the surface coating after plasma treatment also
can be associated with enhancement of water permeability




is an essential step to ensure a nutrient supply to the
germinating embryo and for generation of energy required to
initiate the germination process and seedling growth.
[43]
For
seeds with a thick coat and low permeability, plasma
treatments can improve the surface hydrophilicity and
enhance water uptake, which stimulates germination.
The ability of untreated and ACP-treated wheat seeds to
absorb water was tested in this study. The results for the
samples with a 0 h retention time showed no significant
differences in water uptake between plasma treated and
control seeds after either 2 or 8 h of imbibition (Figure 3).
However, the results obtained for ACP treatment combined
with 24 h of retention time showed that in general the seeds
treated with plasma absorbed more water than the untreated
seeds (Figure 4). Water uptake of seeds treated directly for 60
and 180 s after 2-h imbibition was significantly higher than
that of control samples with 7.12 and 6.90 mg of water per
seed, respectively, while untreated seeds took up on average
5.23 mg/seed. The changes in water uptake were more evident
after 8 h of imbibition where the control seeds took up
10.02 mg/seed of water. A significant increase in water
uptake was noted for seeds treated for 60 and 180 s, both
directly (12.12 and 12.39 mg/seed, respectively) and indi-
rectly (11.72 and 12.06 mg/seed, respectively). The capacity
of seeds to uptake water is an essential parameter that will
determine seed germination and yields. An increase of water
uptake of wheat seeds as the result of plasma treatment was
observed in previous work.
[16]
Current study demonstrates
that higher plasma doses can affect physical characteristics of
seeds resulting in an increased water uptake and the contact
angle, which, however, will not always be associated with an
improved seeds germination rates.
ACP treatment alone or combined with 24 h of post-
treatment retention time did not affect the moisture content of
the wheat seeds significantly (Table 3). It was recorded that
temperature of the samples treated directly increased on
average by 1.4, 2.9, and 5.9 °C for 30, 60, and 180 s of
treatment, respectively, however, a slight temperature
increase of the samples did not cause a decrease of seeds’
weight by possible evaporation of water. No changes of
temperature were noted for the samples subjected to indirect





























































































































Different letters indicate significant difference between the control and ACP-treated samples within each post-treatment retention time (p < 0.05). Experiments were
performed three times (number of seeds per experiment in water contact angle measurements – 3; number of seeds per experiment in moisture content, pH and total titratable
acidity measurements – 2 g, i.e., ∼60 seeds).
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treatment. It should be noted that the moisture content values
of the samples stored for 24 h at 15 °C were slightly higher
than those of the samples assessed immediately after the
treatment, which could be due to water condensation inside
the incubator in which the samples were stored. Similarly,
Selcuk et al.
[40]
reported an insignificant increase or decrease
(±0.9%) in moisture content of wheat treated with air gases or
SF6 plasma.
3.2.2 | Effect on seeds pH and acidity
Changes in pH values and TTA of wheat seeds after plasma
treatment were investigated and a correlation of these two
parameters measured within the samples with the same post-
treatment retention time were observed (Table 3). For the
samples with 0 h retention time, a significant decrease of pH
and increase of TTA were noted for all samples treated with
FIGURE 2 (a and b) Droplets of water deposited on wheat seed: (a) untreated and (b) ACP-treated directly for 180 s (without post-treatment
retention time)
FIGURE 3 (a and b) Effect of ACP treatment without post-
treatment retention time on water uptake of wheat seeds: (a) 2 and (b)
8 h of imbibition time. Vertical bars represent standard deviation.
Different letters indicate significant difference between the control
and ACP-treated samples within each post-treatment retention time
(p < 0.05). Experiments were performed three times (number of seeds
per experiment − 2 g, i.e., ∼60 seeds)
FIGURE 4 (a and b) Effect of ACP treatment combined with
24 h post-treatment retention time on water uptake of wheat seeds: (a)
2 and (b) 8 h of imbibition time. Vertical bars represent standard
deviation. Different letters indicate significant difference between the
control and ACP-treated samples within each post-treatment retention
time (p < 0.05). Experiments were performed three times (number of
seeds per experiment − 2 g, i.e., ∼60 seeds)
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the direct mode of plasma exposure. The longest indirect
treatment used in the study, i.e., 180 s, also significantly
increased seed TTA. Extending the retention time up to 24 h
resulted in a significant decrease of pH (to pH 5.42 after direct
180 s treatment and 24 h retention) and increase of acidity for
all the ACP-treated seeds. Similarly, Lee et al.
[44]
observed
reduced pH of brown rice due to the plasma treatment. This
could be attributed to longer contact time between the seeds
and generated plasma reactive nitrogen species, which could
react with seeds components thereby lowering the seeds pH.
In other studies, no significant differences in pH values after





and white grape juice.
[47]
3.2.3 | Effect of ACP treatment on
concentrations of H2O2, NO2−, NO3−, and
MDA in seeds
In a study performed by Bormashenko et al.,
[21]
TOF-SIMS
spectroscopy showed a significant increase in the concentra-
tion of oxygen- and nitrogen-containing groups at the surface
of the plasma-treated seeds of lentils, beans, and wheat.
Similarly, oxidation of the outer layers of the seed coat and
pericarp, as well as formation of oxidized nitrogen species on
the Quinoa seed's surface after plasma treatment, were
observed by Gómez-Ramírez et al.
[48]
In the present work,
changes in the surface chemistry of the wheat seeds exposed
to plasma were investigated as to our knowledge there have
been no previous reports regarding these chemical parameters
for wheat. In this part of the study, samples which showed an
improvement in the germination parameters, i.e., ACP-treated
directly or indirectly for 30 s were compared to the samples
with inhibited germination (ACP-treated directly for 180 s)
and untreated samples.
It was found that direct exposure to plasma without
retention time results in a gradual increase of the content of
nitrites in the seeds, with significant increases in the samples
treated for 30 and 180 s. For seeds stored for 24 h after the
treatment, only the longest treatment time resulted in a
significant increase of NO2
−
(Figure 5a), which was
associated with growth inhibition as demonstrated in
germination tests. With respect to the control samples,
slightly higher levels of nitrates were observed for all the
tested samples subjected to plasma when the treatment was
combined with extended time of exposure to reactive species,
i.e., 24 h (Figure 5b). Our results suggest that too high
concentrations of nitrogen compounds in seeds negatively
affect their germination. Iranbakhsh et al.
[49]
investigated the
effect of nitrogen and helium plasma on wheat seeds – growth
inhibition symptoms of the seeds were observed in samples
exposed to nitrogen plasma, attributed to the higher amount of
produced nitric oxide in N-plasma compared with He-plasma.
Overall, results obtained in this study reveal important
modifications of the surface chemistry of the seeds – changes
in concentration levels of nitrites and nitrates should be
therefore monitored due to potential accumulation of nitrogen
compounds in food products subjected to plasma
treatment.
[24]
The values of MDA are the indicator of lipid peroxidation
– an increase of MDA content is associated with formation of
reactive oxygen species (ROS) and is often used as an
FIGURE 5 (a–c) The concentrations of (a) NO2−, (b) NO3−, and
(c) MDA in untreated and ACP-treated wheat seeds (post-treatment
retention time: 0 or 24 h). Vertical bars represent standard deviation.
Different letters indicate significant difference between the control
and ACP-treated samples within each post-treatment retention time
(p < 0.05). Experiments were performed three times (number of seeds
per experiment − 2 g, i.e., ∼60 seeds)
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indicator of plant stress.
[50,51]
In our study, significant
changes in the concentrations of MDA were observed only
after direct ACP treatments combined with 24 h retention
time – an increase of MDA levels by 27.8 and 33.8% was
recorded for 30 and 180 s, respectively (Figure 5c). These
changes showed that mode of plasma exposure was a crucial
factor of lipid peroxidation. As mentioned previously, for
direct plasma treatment the seeds were placed directly
between the electrodes, therefore, they were exposed to all
generated reactive species, such as charged particles, positive
and negative ions, electrons, free radicals, excited and non-
excited molecules and atoms, heat and UV photons, leading to
increased lipid peroxidation.
[52]
For indirect mode of plasma
exposure the samples were placed outside of the area of
plasma discharge – the charged particles did not contact them
directly during ACP treatment as they recombine before
reaching the samples and possibly they have been affected
mainly by long-lived radicals.
[53]
As exposure to plasma could result in the generation of
relatively long-lived secondary products on the surface of wheat
seeds subjected to plasma, it is important to investigate the safety
of this technology for food and agricultural applications. In our
study the levels of H2O2 – a biologically active compound with
demonstrated anti-microbial and cytotoxic activity, were
measured. It was found that H2O2 was not detected in either
untreated or ACP-treated seeds, regardless of the retention time
or the use of atmospheric air as the feed gas.
3.2.4 | SEM analysis
It has been observed that plasma can induce changes in seed





suggested that an increase in the germination and
growth development after plasma treatment could be due to
the effects on the tissue structures that leads to the transport of
essential substances through the channels induced on the cell
membranes. In our study SEM analysis of wheat seeds was
performed to investigate the surface topography, which
demonstrated no visible differences between untreated and
ACP-treated wheat seeds (Figure 6).
4 | CONCLUSION
The results reported in this study indicate that short plasma
treatments (30–60 s) can significantly improve germination
properties of the wheat seeds and the growth parameters of the
seedlings. These effects were a function of the mode of
plasma exposure as well as post-treatment retention time in a
contained reactor. Indirect plasma treatment for 60 s
combined with 24 h post-treatment contact time between
the plasma generated species and the seeds was the most
effective; which enhanced germination rate of wheat by
14.7% as compared with untreated controls. Other growth
parameters, such as GI and SVI, were also improved.
However, adverse effects on seeds germination parameters
were observed when longer plasma treatment (180 s) was
applied, irrespective of the post-treatment retention time. The
mode of action of plasma on seeds resulting in germination
improvement may be correlated to changes of seeds surface
chemistry. However, the levels of nitrites and nitrates should
be monitored due to the negative impact of high levels of
nitrogen compounds on seeds germination rates. The results
indicate that cold plasma has potential as an effective
FIGURE 6 SEM images of untreated and ACP-treated wheat seeds without (top panel) and combined with 24 h post-treatment retention time
(bottom panel). Magnification: 500×; scale bar: 100 μm
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alternative to traditional pre-sowing seed treatments used in
agriculture for germination enhancement.
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